From a casual observation that the form of degraded fault scarps resembles the error function, this investigation proceeds through an elementary diffusion equation representation of landform evolution to the application of the resulting equations to the modern topography of scarplike landforms. The morphologic observations can be analyzed either in the form of one or more cross-strike elevation profiles or in the form of the slope-offset plot, a point plot of maximum scarp slope versus scarp offset. Working with either or both of these data representations for nine geologic structures, which range in age from 3 to 400 ka B.P. 
INTRODUCTION
The processes and rates of landform evolution have long intrigued students of earth history, but such matters have not yielded easily to quantitative analysis. In the first place, a myriad of processes contribute to landform modification, and these /:an take any number of physical, chemical, biological, and, nowadays, CUltural forms. Second, many if not all of these processes must depend on the considerable range of environ- potential difficulties detailed two paragraphs above notwithstanding.
Finally, it has been our casual observation that the form of degraded fault scarps resembles the error function; the error function, in turn, forms the fundamental solution to the onedimensional diffusion equation for steplike initial conditions (for example, a newly formed fault scarp). The fulcrum of this investigtion, then, is the notion that the difffusion equation is a simple and believable first-order mathematical approximation to the erosional evolution of nondissecting alluvial terranes. That this seems to be the case is the reason we continue at all.
We develop and rationalize the diffusion equation representation in the next section and discuss in some detail there the solutions appropriate for the problems of interest in this investigation, but a few general remarks concerning its nature and earlier use in geomorphology are appropriate here. Given the purposes of this study, our preference for the diffusion equation model is not only that it can be obtained with elementary and believable assumptions but that it seems to make sense, within limits, for the nine geologic structures analyzed here. Moreover, the general and macroscopic nature of the diffusion equation allows one to know not a thing about any specific erosional process; all such effects materialize in a single parameter •, the topographic equivalent of the thermal diffusivity. To the extent that this equation is valid, then, we may study landform modification in much the same way as heat conduction was understood in the nineteenth century. In the absence of an atomic theory of solids and temperature, one did not know the physical mechanisms by which heat transport actually took place; one just knew that it did, given a temperature gradient. This study proceeds on the same basis: there is no statement herein about the mechanisms by which mass transport takes place, leading to landform modification; we simply assume that it does, given a topographic gradient, and parameterize all such mechanisms with •c, here referred to as the mass diffusivity. Nevertheless, we proceed on less sure physical grounds' the diffusion equation representation of heat conduction is directly verifiable, whereas our model of nonsteady scarp evolution is not. The essence of this investigation, then, is not whether the diffusion equation representation of landform evolution is correct, in terms of whatever entirety of "first principles" is appropriate, but whether or not this description works, in the sense of explaining geomorphologic observations.
The diffusion equation representation of landform modification is not new to geomorphology, and G. K. Gilbert Nash [1980b] , however, seems to have brought this approach to the problems that motivate this study, the morphologic dating of late Pleistocene and younger fault scarps.
MODEL REPRESENTATION OF SCARP EVOLUTION

Homo•7eneous Diffusion Equation
The basic assumption underlying this study is that mass transport due to erosional processes proceeds in the downhill direction at a rate proportional to the local topographic gradient; specifically, in one spatial dimension x, = -K --•x where • is the rate at which mass moves downhill, •u/•x is the topographic gradient normal to elevation contour, and K is the constant of proportionality. Equation (1) accounts, correctly or incorrectly, for all the physical processes that con- tribute to erosional mass transport on the slopes of interest in this study. It is not our intention here to try to establish the validity of (1) or even to try to rationalize it in a systematic way, other than to note that gravitationally induced erosional processes on slopes should be proportional to topographic gradient for small enough slopes. Schumm [1967] has verified this proposition for the case of rock fragments moving downhill on exposed shale slopes in western Colorado.
The second assumption necessary for the model development is that conservation of mass holds on a local scale. This assumption is more readily justifiable than that for (1), but it does preclude dissecting erosional processes and environments. Local conservation of mass cannot be invoked for entrenched stream channels, for example; the entrenchment itself attests to mass that is now far removed from the present channel. Now, if more mass per unit time flows (in the negative x direction) across an arc element at x 4-dx than across an arc element at x, elevation u between x and x 4-dx will increase with time; conversely, elevation will degrade. This condition is expressed by p dx = -a-3-dx 
where •c has the usual units of diffusivity. Given that it is convenient to express age of the structures of interest here in units of kiloanni (1000 years), it is convenient to express •c in units of square meters per kiloannum, a unit we denote as a GKG in recognition of the remarkable contributions of G. K. Gilbert to the matters that form the subject of this study. In words, (5) says that when topography is convex upward, it erodes; when topography is concave upward, it forms a depositional basin for material incoming from higher elevation. Equation (5) moreover says that the rate of change of topography depends on its curvature; for the same •c, sharp features degrade faster than smooth features. All of this seems physically reasonable and, at least qualitatively, is consonant with any number of observations. The value of •c, of course, will vary according to geologic material and climatic conditions; moreover •c, at best, will be determined as an average over whatever climatic conditions are appropriate to the site of interest. Finally, we must be alert to variations of •c that may depend on either slope or differential elevation, as the latter may change along strike of the particular structure of Figure 3b says that any 2a = 2 m scarp with 0s •-0r in weakly consolidated alluvium must be very young indeed (less than 1 ka B.P.), if our "typical" value of K -1 GKG is anywhere near correct. On the other hand, (8) implies that a scarp 5 times larger (2a = 10 m) will have 0s > 0r 25 times as long, that is for some 25 ka. This makes no sense, and the problem is that fault scarps in alluvial material can be expected to degrade rapidly to 0r irrespective of 2a, a phenomenon not incorporated in (8). We can circumvent this problem directly by proceeding to the mathematics of finite slope, initial value scarps, as we do in our analysis of the Lake Bonneville shoreline scarps. If, however, the time for which the scarp "should" be with 0s > 0, according to (8), is significantly less than the age of the structure, we can safely ignore this problem, and we avail ourselves frequently of this expedient.
THE DATA AND THE MODELS
The geomorphologic data considered in this study come in two basic forms. The first is simply elevation profiles taken normal to strike of the scarp of interest. Observations of this sort allow for a detailed assessment of the fit of model to data, at the price of some uncertainty as to how representative the particular profile is of the entire structure(s) along strike. One cannot blindly average a large suite of such profiles to obtain the "representative" profile. In the first place, all profiles must be normalized according to (6) for whatever differences in scarp offsets and/or far-field fan or terrace slopes may exist. Second, care must be taken in selecting profiles to avoid local drainage patterns, both the upslope channels and their downslope fans; mass transport of this type has been explicitly excluded by (2).
Large numbers of profiles, however, may be parameterized efficiently by point plots of the scarp slope (tan 0s) versus the scarp offset (2a). These "slope-offset plots" are variations of the scarp slope angle/scarp height plots first described by Bucknam and Anderson [1979] . The slope-offset plots used here are restructured from the Bucknam and Anderson [1979] representations, so to fit explicitly within the diffusion equation analysis with which we shall interpret them. In either form, however, plots of this sort are far more representative of the structure as it may vary along strike at the expense of losing information contained in profiles away from the immediate vicinity of the scarp. This loss of information can be important, especially in the presence of nonzero and variable farfield slope b.
In this investigation we make use of both data representations, and in two cases, the Lake Bonneville shoreline scarps and the Drum Mountains fault scarps, we perform analyses in both data spaces. We begin with profile modeling, in the next section, of the Santa Cruz sea cliffs, the Raymond fault, the Lake Bonneville shoreline scarps, and the Drum Mountains fault scarps; then we turn to the slope-offset analysis of the Lake Bonneville shoreline scarps and four sets of fault scarps in west-central Utah, those at the Drum Mountains, Fish Springs Range, Oquirrh Mountains, and Sheeprock Mountains. In the discussion section, we bring these results together, emphasizing the advantages and disadvantages of the slope-offset plots.
Profile Modeling
The Santa Cruz sea cliffs. South and west of Santa Cruz, California, a series of marine terraces ascends the south facing slope of Ben Lomond Mountain adjacent to the Pacific Ocean. These terraces were cut by wave action during intermittent glacioeustatic high stands of sea level, as the coastline was tectonically uplifted during Quaternary time. The original configuration of each terrace was presumably similar to that of the terrace being cut today at the modern sea level, a nearly horizontal wave-cut platform backed by a nearly vertical, sea- Inspection of Figure 4a indicates that there is far more mass on any platform than could possibly be derived from erosion of the upper half of its facing sea cliff. This "excess mass" could be the result of windblown sand accumulating on the lower platform or debris deposited as interlacing fans as a result of streams incised into higher standing sea cliffs; it is unlikely to be due to parallel retreat, unless the sea cliffs along this profile have retreated 50 rn or more from their original stands (which is not suggested by the stream exposures). In any event, this "mass excess" is not accounted for in our model calculations.
What confuses matters is that this "excess mass" imparts far-field slopes to the Western and Wilder terraces significantly greater than those of their underlying platforms. To reckon with this difficulty, we simply choose different upper and lower far-field slopes, that of the lower platform for the lower slope and that of the modern topography for the upper slope. This expedient makes our model calculations in the far field look nicer than they would have been had we chosen a single b for both upper and lower slopes (e.g., Figure 6 ), but otherwise it is of not much consequence; what matters is where the topography has curvature, not where it has more or less constant slope.
The parameters for the model calculations (equation (6)) are given in Table 1 , we take the above date to be 13.5 ka B.P. in this study. Moreover, several of the scarps cut a bar formed at the Provo II level, and these are apparently unmodified by wave action. Bucknam and Anderson [1979] presented 49 scarp slope angle/scarp height pairs, observations we reconsider in a slopeoffset plot in a later section. These morphologic observations are also consistent with the geologic constraints that the Drum Mountains fault scarps are younger than the Lake Bonneville shoreline scarps. An unusual feature of these fault scarps is their cross-strike spread; they form a band some 30 km long and 5 km wide, the width of this zone pointing to a complicated near-surface faulting geometry. If these faults were all formed at the same time, they moreover suggest a complicated and unusual faulting process. While these scarps need not have formed all at the same time, we do know that they are all young, less than 13.5 ka; moreover, they show no geomorphic expression of having been multiply faulted. Physically, we may look at these differences in the following way: a large 2a scarp at fixed • < • appears much older than it is relative to the • -cc calculation (8), because in the latter framework we think a lot has happened to c•u/c•x I,,=o, when in fact nothing has happened to it. In any event, the nonlinear form (21), which seems to be just what we need to interpret the Lake Bonneville shoreline slope offset data in Figure 11 , arises purely as a matter of initial condition geometry, not as a matter of nonlinear modification processes. The Lake Bonneville ti. In Figure 13 , we plot the Lake Bonneville shoreline slope-offset data alone (solid circles of By a factor of 15, the Lake Bonneville shoreline •c (1.1 GKG) is lower than that for the Raymond fault, although both structures are cut in weakly consolidated fan material. This difference must be mostly if not entirely due to climatic differences, presumably rainfall.
In addition to these three estimates of •c, Table 2 That such scarps are not "observable" implies tc > 1.2 GKG.
In Table 2 Figures 13-17) . Relative to profile modeling, slope-offset analysis also has several advantages. Profile modeling is not only time and space consuming, but the appropriate mathematical forms are more cumbersome to use. Nevertheless, modeling of even a few profiles can illuminate a •ct-2a dependence that otherplot. Moreover, profile modeling permits an assessment of model fit to data in the cross-strike direction (where the effects of multiple scarps may be found, for example) that the slopeoffset representation does not see. As such, slope-offset analysis should not, in general, stand apart from modeling of at least a few profiles that span the range of 2a.
SUMMARY AND CONCLUSIONS
The principal purpose of this study has been to apply analytical equations, within the restrictions of the diffusion equation model, to real observations of wave-cut and faultingcontrolled landforms, as these landforms have been modified across arbitrary and generally unknown periods of time. In broad outline, its principal conclusion is that this diffusion equation representation, even in its most elementary model solutions, makes sense, within limits, for the wide class of observations considered here (1 •< 2a •< 50 m, 3 •< age •< 400 ka B.P.).
Numerically, the results of this study are summarized in Table 2 , as qualified by the caveats of the preceding discussion section. In broader terms, we see the following as the principal conclusions of this study. Model solutions of the most elementary type to the diffusion equation can reproduce the actual topography of scarplike landforms with remarkable accuracy. There seems little doubt, then, that diffusionlike processes contribute significantly to the modification of nondissecting alluvial terranes, even if the constant coefficient, homogenous diffusion equation does not incorporate each and every one of them. Significantly, most although not all of the observations that could be interpreted as evidence for nonlinear modification processes, namely, the •ct-2a dependences for the Lake Bonneville shoreline and Drum Mountains fault scarps, are as easily attributed to the effect of finite slope, initial value scarps. The price of this interpretation comes in the form of the two unanswered questions of this study, both associated with the Drum Mountains fault scarps: why are these fault scarps the only set of four to show evidence for bounding scarp angles and why are these bounding scarp angles so small? The most intriguing result of this study is the coincidence between the Lake Bonneville shoreline •c (1.1 GKG) and the •c (•> 1 GKG) derived from the Machette constraint. If this coincidence is physically significaet, it means that the Lake Bonneville shoreline •c is widely applicable to unconsolidated alluvial terranes throughout the Basin and Range and Rio Grande Rift Valley, on time scales of 10-100 ka. In any event we have used this •c to date four sets of fault scarps in west-central Utah. The age estimates meet available geological constraints, although we are yet uncertain about the true significance and age of the 2a •> 4 m Drum Mountains fault scarps.
All of this is sufficient to suggest, at least to us, that the diffusion equation representation, when used within sensible limits, holds considerable promise as an analytical model of the evolution of wave-cut and faulting-controlled landforms in terranes degradable on time scales of hundreds of thousands of years or less. Practically speaking, this approach seems very promising as a means of dating fault scarps of unknown age with observations that are extraordinarily easy to come by. Age estimates, however, will only be as accurate as the •c borrowed from some other structure of known age. Extracting this •c in the first place is not without nuance and uncertainty' transferring it to another area and structure involves entirely different uncertainties, of which not much is known. If research such as this is to progress much further, then, it will be through a collection of well-defined •c estimates, so we may more clearly understand how •c varies as a function of material, climate, vegetative cover, and, of course, time.
